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(Some figures in this article are in colour only in the electronic version) Transition metal oxide Magnéli phases are traditionally described as crystallographic shear structures that can be derived from the parent perovskite ReO 3 [1] [2] [3] [4] [5] [6] [7] . Homologous series within these phase diagrams, often referred to as Magnéli series, have been constructed for vanadium oxides [8] [9] [10] [11] , such as the V n O 2n−1 series [12] and the V n O 2n+1 series [13] , or for tungsten oxides, such as the W n O 3n−2 series [3] and the W n O 3n−1 series [1] . In addition, there are more than 11 different structures reported for WO 3 [14] . These oxides are of great interest in multiple applications, mainly because of the wide range of valence that is exhibited by the transition metals such as V, W and Mo, which affects the physical and chemical properties of the oxides. Vanadium [15] or molybdenum oxide [16] -based materials can be used as catalysts, e.g. V 2 O 5 for the partial oxidation of ethanol and ethane [17] or the selective reduction of NO [18] . Electrochromism has been reported for VO 2 [19] , V 2 O 5 [20, 21] , MoO 3 [20, 22, 23] and WO 3 [19, 20, [24] [25] [26] ; thus, these materials are of interest for devices such as smart windows. Due to the layered structure that facilitates intercalation, V 2 O 5 , MoO 3 and WO 3 can be used for lithium ion batteries [27] . Tungsten oxides are also used for fireproof fabrics. Some phases are also used as pigments due to their intense colour [28] .
Certain Magnéli-type oxide phases have been reported to be promising for metal cutting applications [29] [30] [31] .
Systematic studies on the elastic properties and the decohesion energies of these oxides are rare. In previous work [32] we have shown for VO 2 and V 2 O 5 that the calculated decohesion energies were inversely proportional to the original distance between the cleaved layers. For the V 2 O 5 (002) plane an extremely low decohesion energy of 0.05 J m −2 was obtained. This behaviour was described to be dependent on the screened Coulomb potential between the layers. However, a systematic correlation between the Magnéli phase electronic structure and elasticity as well as decohesion energy has not been explored in the literature. Using ab initio calculations we show that decohesion energy and elastic constant C 44 are inversely proportional to the original distance between the cleaved crystal layers. This is a prerequisite for designing materials with properties required for specific applications.
Calculations in this work were carried out using density functional theory [33] as implemented in the Vienna ab initio simulation package (VASP), in which projector augmented wave potentials with the generalized-gradient approximation are employed [34] with the so-called Blöchl corrections for the total energy [35] . The convergence criterion for the total energy was 0.01 meV within a 500 eV cutoff. Integration in the Brillouin zone was done on special k-points, according to Monkhorst-Pack [36] . All configurations were studied on a mesh of 7 × 7 × 7 irreducible k-points (unless otherwise noted). Initial structural data for the ab initio calculations were taken from the literature for five phases WO 3 , namely WO 3 (P4/nccZ structure) [37] , WO 3 (P4/nmm Z ) [38] , WO 3 (P42 1 m) [39] , WO 3 (Pcnb) [37] and WO 3 (Pmnb) [40] . In addition, a WO 3 parent structure ReO 3 [41] was calculated as well as a VO 2 prototype TiO 2 (rutile) [42] and the isostructural MoO 2 . Data of VO 2 and V 2 O 5 were taken from our previous work [32] . Due to large structural anisotropy for some phases, calculations were carried out with full structural relaxations at every volume [32, 43, 44] . To study cleavage in the phases calculated, the decohesion energies for cleavage were calculated as the energy required for the separation of the structure into two blocks [45, 46] . No structural relaxation was allowed during the separation [45, 46] . Cleavage was considered in those planes where each structure bears a resemblance to the V 2 O 5 (002) layer structure and thus the largest difference in metal-oxygen bonding distances. This is the (002) plane for WO 3 phases P4/nccZ , P4/nmm Z , P42 1 m and Pcnb, and the (004) plane for the WO 3 phase Pmnb. For MoO 2 and TiO 2 the same planes were used as for VO 2 . Details on the methods used are discussed elsewhere [32] .
The decohesion energy and the elastic constant C 44 are shown in figure 1 as a function of the (original) distance d between the cleaved crystal layers. As the original distance between the cleaved crystal layers is increased from 1.1 to 2.8Å the decohesion energy decreases from 5.83 to 0.05 J m −2 . The data points were fitted with a * 1/d * exp(−b * d) (screened Coulomb potential, with a and b as fitting parameters). Good agreement between the calculated decohesion energy and the fitting curve is observed. Our data suggest that the bonding distance between the cleaved layers is one of the key factors determining the decohesion energy for the phases studied here. It is reasonable to assume that these easy cleaving planes in WO 3 and V 2 O 5 are therefore responsible for the lubricating properties observed experimentally [29, 47] . This assumption is supported by the dependence of the elastic constant C 44 on the distance between the cleaved layers (d), see figure 1. As d is increased from 1.4 to 2.8Å, C 44 decreases from 139 to 25 GPa. It is evident that the decohesion energy and C 44 can be estimated based on the layer distance only. This behaviour can be described by the screened Coulomb potential. Based on these results of the oxide phases calculated here, we propose that these correlations can be applied to other Magnéli phase oxides with a similar building principle of metal-oxygen octahedra.
As the decohesion energy and C 44 are shown to depend primarily on the interlayer distance, we can see that this is The differing decohesion energies and C 44 values of these oxides may be understood based on the electronic structure. Electron density distributions (EDDs) obtained by ab initio calculations were evaluated using VESTA [49] . EDDs are presented for ReO 3 in figure 2(a) , the WO 3 phase P4/nccZ in figure 2(b) and V 2 O 5 in figure 2(c) . The WO 3 phase P4/nccZ was chosen since it bears the largest bonding length difference within the WO 6 polyhedron (1.79-2.17Å). In general, these oxides are predominantly characterized by ionic bonding, due to the charge transfer from the metal to oxygen. To some extent, there is charge shared between these elements, giving rise to a smaller covalent contribution. In particular for the V 2 O 5 vanadyl bond, covalent character is apparent, while it is not for the interlayer bonding. It is important to note that these EDDs never exhibit regions without charge (0 eV/Å −3 ), which may indicate that some minor metallic contributions are present. However, striking differences between these phases can be observed. In ReO 3 ( figure 2(a) ), Pm3m, the perfect octahedral coordination causes identical bonding for all six Re-O bonds. The bond length is 1.89Å. In WO 3 ( figure 2(b) ), P4/nccZ , the WO 6 octahedron is distorted and the W cation is shifted from the centre. Thus, three different W-O bonds are formed: four identical bonds with a length of 1.92Å parallel to the (110) layer, a short 1.79Å 'intralayer' bond and a long 2.17Å 'interlayer' bond. Hence, in the shorter interaction there is more charge shared and a higher covalent contribution compared to the non-covalent longer interaction with less charge shared. This causes the formation of distinct layers within this crystal structure and thus a lower decohesion energy between these layers. In V 2 O 5 ( figure 2(c) ), Pmmn, the VO 6 octahedron is largely distorted. The actual coordination can be described as a square pyramid with an interlayer bond length of 2.79Å. The short bond opposed is only 1.61Å. This strong vanadyl bond is mainly of covalent character. The other bonds are characterized with bond lengths between 1.78 and 2.03Å. Since the bonding differences are much larger than those in WO 3 , clearly visible layers are formed, causing the extremely low decohesion energy between these layers. It is evident that distorted metal-oxygen octahedra result in large layer distances and hence lower C 44 values as compared to undistorted octahedra.
Decohesion energy and C 44 are inversely proportional to the distance between the cleaved crystal layers, and accordingly to the screened Coulomb potential, and thus the bond strength decreases rapidly as the distance is increased. This results in weak coupling between the layers which then causes the formation of easily plastically deformable structures, for instance WO 3 or V 2 O 5 . This behaviour can be understood based on changes in the crystal and electronic structure as displayed for ReO 3 , WO 3 and V 2 O 5 . Thus, the relationship previously established for vanadium oxides [32] applies to other Magnéli phases. The fact that structures such as WO 3 can also be described by the above-presented correlations provides the basis for quantum mechanical guided design of Magnéli phase structured solid lubricants, based on tailoring the layer distance by varying the chemical composition.
